Three simian virus (SV40)-+X174 recombinant genomes were isolated from single BSC-1 monkey cells cotransfected with SV40 and XX174 RF1 DNAs. The individual cell progenies were amplified, cloned, and mapped by a combination of restriction endonuclease and heteroduplex analyses. In each case, the 600 to 1,000 base pairs of 4X174 DNA (derived Recombination occurs between simian virus 40 (SV40) and bacterial virus kX174 RF1 DNAs cotransfected into monkey BSC-1 cells (14) . The frequency of this nonhomologous recombination occurrence has been measured in terms of the quantity of hybrid virus in the yield of a cotransfected culture of cells (14) and in terms of the number of recombinant-producing cells in the initial cotransfected cell population (4). Evidence has been reported that SV40 nonhomologous recombination events occur in a discrete subpopulation of cells: 1 to 2% of the successfully transfected fraction of cells or 1 in 500 to 1 in 1,000 of the total cell population (4). An analysis of the SV40-¢X174 recombinant genomes in the total yield of a cotransfected cell population indicated that a variety of recombinant structures had arisen (14) . This RFI DNA, and for the culture of monkey BSC-1 cells, were as described elsewhere (4).
Three simian virus (SV40)-+X174 recombinant genomes were isolated from single BSC-1 monkey cells cotransfected with SV40 and XX174 RF1 DNAs. The individual cell progenies were amplified, cloned, and mapped by a combination of restriction endonuclease and heteroduplex analyses. In each case, the 600 to 1,000 base pairs of 4X174 DNA (derived from different regions of the XX174 genome) were present as single inserts, located in either the early or late SV40 regions; the deletion of SV40 DNA was greater than the size of the insert; and the remaining portions of the hybrid genome were indistinguishable from wild-type SV40 DNA, as judged by both mapping and biological tests. Hence, apart from the deletion which accommodates the XX174 DNA insert, no other rearrangements of SV40 DNA were detected. The restriction map of a SV40-4X174 recombinant DNA isolate before molecular cloning was indistinguishable from those of two separate cloned derivatives of that isolate, indicating that the species cloned was the major amplifiable recombinant structure generated by a single recombinant-producing cell. The relative simplicity of the SV40-¢X174 recombinant DNA examined is consistent with the notion that most recombinant-producing BSC-1 cells support single recombination events generating only one amplifiable recombinant structure.
Recombination occurs between simian virus 40 (SV40) and bacterial virus kX174 RF1 DNAs cotransfected into monkey BSC-1 cells (14) . The frequency of this nonhomologous recombination occurrence has been measured in terms of the quantity of hybrid virus in the yield of a cotransfected culture of cells (14) and in terms of the number of recombinant-producing cells in the initial cotransfected cell population (4) . Evi- dence has been reported that SV40 nonhomologous recombination events occur in a discrete subpopulation of cells: 1 to 2% of the successfully transfected fraction of cells or 1 in 500 to 1 in 1,000 of the total cell population (4) . An analysis of the SV40-¢X174 recombinant genomes in the total yield of a cotransfected cell population indicated that a variety of recombinant structures had arisen (14) . This variety may result from the presence of a few recombination-proficient cells supporting multiple recombination events; alternatively, cells may support only single recombination events, each cell giving rise to a different recombinant structure. We report here an analysis of three cloned SV40-XX174 recombinant genomes, each of which arose from a single recombinant-producing cell.
The results indicate that most recombinant-producing cells, in fact, support single recombination events generating only one amplifiable recombinant structure.
MATERIALS AND METHODS DNA and cells. The procedures used for the preparation of wild-type SV40 DNA I and qkX174 RFI DNA, and for the culture of monkey BSC-1 cells, were as described elsewhere (4) .
Isolation and amplification of SV40-+X174 recombinant progeny from individual transfected cells. Suspensions of BSC-1 cells were cotransfected with SV40 and 4X174 RFI DNAs (1 ,ug of each DNA per 4 x 106 cells per ml), using DEAE-dextran as the facilitator as described previously (4) . The recombinant yields of individual cotransfected cells were isolated either by cell partition in microwell plates (15) or from the agar overlay of infectious-center in situ plaque hybridization foci (4 5 days of incubation). These viral yields were then used to infect 15-cm BSC-1 cell plates from which supercoiled progeny DNA was prepared (at 50 h postinfection) by the Hirt extraction procedure followed by equilibrium centrifugation in cesium chloride-ethidium bromide density gradients (7) . Isolates 9 and 32 (see below) were purified and amplified by the procedure described above.
To isolate progeny from recombinant infectiouscenter plaques, the contransfected cells (mixed with a 40-fold excess of uninfected cells) were plated for infectious centers, overlaid with agar, transferred to nitrocellulose membrane filters, and titrated for the production of SV40-4X174 recombinant plaques as described previously (4) . After hybridization with ,X174 [32P]DNA and autoradiography (4), well-separated "hybridization plaques" appearing on the autoradiogram were aligned with the agar overlay by means of the system of orientation marks described by Villarreal and Berg (12) . A plug of agar was withdrawn from the region of the overlay corresponding to the autoradiographic plaque, suspended in 1 ml of medium, and used to inoculate 3-cm cultures of BSC-1 cells. After the appearance of full cytopathic effects (9 days post-inoculation), progeny virus was harvested and used to infect 15-cm BSC-1 cell plates from which supercoiled viral progeny DNA was isolated as described above. Isolate 2 (see below) was prepared and amplified by this procedure.
Restriction digestion, gel electrophoresis, and blot hybridization. DNA was digested with restriction endonucleases under the conditions specified by the supplier (New England Biolabs), and the products were separated by electrophoresis on 1% agaroseTris-acetate gels as described previously (4) . Gels were stained with 0.5 ,ug of ethidium bromide per ml and photographed under UV light. In early experiments, the DNA was transferred to nitrocellulose sheets (Schleicher & Schuell Co., BA 85) by the Southern procedure (11); in later experiments, the transfer procedure of Smith and Summers (10) was utilized. Hybridization with in vitro-labeled [32P]DNA probes (9) was as described elsewhere (14) . Probe concentration and autoradiography conditions are noted elsewhere in the text.
Molecular cloning. The closed-circular DNA yields of individual recombinant-producing cells (amplified as described above) were digested with EcoRI, ligated to EcoRI-cleaved DNA arms of the X-Charon phage 21A, and packaged in vitro by using previously described procedures (16 (Fig. 1) . The digestion products were separated by agarose gel electrophoresis and transferred to nitrocellulose paper (11) , and those containing 4X174 DNA sequences were identified by hybridization with 4X174 RF1 [32P]DNA. All five independent SV40-4X174 recombinant isolates (each from a different recombinant-producing cell) examined by this procedure contained single SV40 EcoRI and BglI restriction sites, as judged by the conversion of form I or from II to unit-length linear (form III) DNA. The analysis of two of the five isolates is shown in Fig. 2 . In addition to the retention of single EcoRI and BglI sites, the SV40-+X174 recombinant DNA in isolate 2 retained single sites for BarnHI and KpnI (lanes 7 and 9); moreover, all of the 4X174 DNA sequences in this recombinant DNA isolate were present within one HinidIII digestion product which also contained the single KpnI site (lanes 10 and 11) . This preliminary characterization of the SV40-¢X174 recombinant DNAs derived from single cotransfected cells was primarily intended to identify an appropriate restriction site for molecular cloning. In addition, the data obtained with isolate 2 suggested that all of the XX174 DNA sequences were located in one region adjacent to the single SV40 KpnI restriction site.
Molecular cloning and structure of three SV40-(X174 recombinant genomes. The SV40-¢X174 DNAs in three single cell yields (isolates 2, 9, and 32) were cloned by insertion into the EcoRI site of the X-Charon phage 21A and were subcloned in the EcoRl site of pBR322 as described above. The proportion of first-cycle X-Charon 21A plaques (see above) which reacted against both the SV40 [32P]DNA and XX174 RF1 [32P]DNA probes was 0.1% of the number which reacted with the SV40 [32P]DNA probe alone, indicating that the ratio of recombinant to wildtype SV40 DNA molecules in the three isolates was 1:1,000. The cloned SV40-¢X174 recombinant DNAs were mapped by a combination of restriction endonuclease digestion and heteroduplex analyses. Figure 3 shows the maps that were constructed on the basis of the data from (Fig. 4) showed that each of the intact, linearized SV40-XX174 recombinant genomes reacted, as expected, with both probes and was slightly smaller than wild-type SV40 DNA (the order of size is wild-type SV40 DNA > 2B5 DNA > 32A DNA > 9BA DNA).
EcoRI-BglI digestion of wild-type SV40 DNA divides the genome into two sectors ( Fig. 1): In contrast to 2B5 recombinant DNA, the 4X174 DNA inserts in recombinant DNAs 32A and 9BA are located within shortened forms of the SV40 early region. Of the two products generated by EcoRI-BglI digestion, the smaller fragment comigrated with the wild-type 1,790-bp SV40 late segment and contained only SV40 sequences; the larger digestion product contained both SV40 and 4X174 DNA sequences and migrated faster than the wild-type 3,453-bp SV40 early region fragment ( Fig. 5 ; Table 1 ). The estimated sizes of the larger products are 3,000 bp for recombinant 32A (453 bp smaller than the comparable wild-type product) and 2,900 bp for recombinant 9BA (553 bp shorter than the wild-type fragment). A part of the late region (the 751-bp EcoRI-BamHI segment) is contained within the larger EcoRI-BglI product (Fig. 1) Fig. 1 and 3) . EcoRI-HindIII digestion of 9BA and 32A DNA generated products which comigrated with the wild-type HindIlll C, E, and F fragments (spanning the SV40 replication origin and late region sector: Fig. I and 3 ) and contained solely SV40
sequences.
(ii) Heteroduplex analysis. SV40-tX 174 recombinant DNA strands (EcoRI-linearized) were annealed with wild-type SV40 DNA strands (EcoRl-linearized) or with tX174 RFI DNA strands (PstI-linearized) and were examined by electron microscopy as described in the legend to Fig. 6 . Figure 6 depicts the heteroduplex segments that were measured, and Table 2 shows the measurements in summary form.
The single-strand arms of the loop-out apparent in each recombinant-wild-type SV40 heteroduplex are of unequal length. Because the restriction mapping data indicated that the deletion of SV40 DNA sequences is greater than the size of the 4X174 DNA insert ( wild-type kX174 RE1 DNA (panels 2. 4. 6). The annealing conditions and the preparation for electron microscopy are described in the text. The superimposed inset drawings show the heteroduplex segments that were measured, as described in Table 2 .
the same arguments, the position of the XX174 DNA insert in 9BA is estimated to replace the wild-type region, 0.21 to 0.50 map unit. The (X174 DNA sequences in the recombinant genomes. To determine the regions of the XX174 genome from which the inserts in 2B5, 32A, and 9BA were derived, HaeIII and HpcI fragments of wild-type (X174 RFI DNA were separated by gel electrophoresis and hybridized with 32P-labeled SV40-4iX174 recombinant DNAs (Fig.  7) . 32P-labeled 2B5 and 9BA DNAs hybridized solely with the contiguous Haelll fragments designated I and 4 in Fig. 7 , indicating that the inserts in 2B5 and 9BA were derived from a region which straddles the HaeIIl site at nucleotide position 1,776 (within the capsid-coding region of the kX174 genome). In contrast, the insert in the 32A recombinant was derived from a portion of the 4iX174 genome closer to the 3' end, spanning Hoell fragments 2 and 6a/6b (within the coding region for replication functions). Although HaeIII fragments 5 and 6a/6b of (X174 RFI DNA were poorly resolved by gel electrophoresis, the 32A insert cannot contain ' Recombinants 2B5, 32A, and 9BA DNAs (EcoRI cut) were denatured and annealed with denatured wild-type (WT) SV40 DNA (EcoRI cut) or with denatured~X 174 RF1 DNA (PstI cut) as described in the legend to Fig. 6 and in the text. n, Number of heteroduplex structures analyzed. The a to d heteroduplex segments measured are depicted in Fig. 6 . In the heteroduplex structures formed between the recombinant and wild-type SV40 DNAs, segment a is the shorter arm of the single-strand loop-out (the dX174 DNA insert); segment b is the larger arm of the single-strand loop-out (the deletion of SV40 DNA); c and d are the double-stranded portions of the structure (distance of the loop-out from either end). In the heteroduplex formed between the recombinant and wild-type 4X174 RF1 DNAs, segment a is the double-strand region (the jWX174 DNA insert in the recombinant genome). (4) . The frequency of recombinant-producing cells, under the cotransfection conditions used, was about 10-3 with respect to the total cell population exposed to SV40 and XX174 RF1 DNAs (4), thus ensuring that the plaque sampled was initiated by the progeny of a single recombinantproducing cell. Isolates 9BA and 32A were obtained by distributing recombinant-producing cells in microwells (15) such that only a minor fraction of the microwells (12 of 192) gave rise to recombinant progeny. The isolation of recombinants from transfected cells partitioned in microwells averts a difficulty encountered in the isolation of recombinants from plaques identified by in situ hybridization; the successful sampling of the agar above the plaque requires rather precise alignment of autoradiogram, nitrocellulose filter, and agar overlay (12) . It should be emphasized that successful isolation, by either method, also requires that the recombinant DNA structures be capable of replication and encapsidation, aided by the presence of wild-type SV40 helper virus. These requirements for recombinant DNA amplification introduce an unavoidable degree of selection into the isolation procedures.
The proportion of recombinant to wild-type SV40 DNA molecules, in stocks raised from the microwell or plaque progenies, was 1:1,000. Application of molecular cloning procedures to remove the large excess of wild-type DNA raised the question of whether the recombinant species cloned was the major amplifiable species generated by a given recombinant-producing cell. However, comparison of the restriction maps before and after molecular cloning (isolate 2 and its cloned derivatives 2B5a and 2B5b) established that the species cloned was in fact the predominant recombinant structure in the amplified progeny of a single recombinant-producing cell. Recombinant genome mapping before molecular cloning was possible-despite the presence of a large excess of wild-type molecules-because of the availability of a relatively large number of restriction enzymes which cut SV40 but not XX174 REl DNA.
The structures of the three SV40-+X174 recombinant genomes examined are remarkably simple in the sense that the 4X174 DNA sequences are present as single inserts and that other than the deletion of SV40 DNA which accommodates the insert, the remainder of the genome is indistinguishable from wild-type SV40 DNA, as judged by heteroduplex and restriction analyses. The retention of an intact SV40 early region in recombinant 2B5 and of intact SV40 late regions in recombinants 9BA and 32A has also been confirmed by biological tests. Independent replication of recombinant 2B5 DNA, transfected into BSC-1 cells in the absence of wild-type SV40 DNA, has been detected by in situ hybridization with 4X174 [32P]DNA. In contrast, no replication of 9BA or 32A DNA was detected under the same conditions. The retention of intact SV40 late regions in the 9BA and 32A recombinant genomes was confirmed by the observation that these DNAs (but not 2B5 DNA) replicated, synthesized SV40 capsid proteins, and underwent encapsidation in the COS line of monkey cells (5) whose chromosomally integrated SV40 genome expresses T antigen constitutively (data not shown). The relatively simple, unscrambled structures of the three SV40-4+X174 recombinant genomes analyzed are consistent with the conclusion that most (but not all) recombinant-producing cells support only single recombination events (4). This conclusion, however, should be viewed within the context that recombinant-producing cells are themselves a rare occurrence, appearing at a frequency of 1 in 500 to 1 in 1,000 cells (4) . A previous investigation (14) of SV40-4¢X174 recombinant DNA derived from the total viral yield of a cotransfected culture of BSC-1 cells indicated that a variety of different recombinant structures had arisen, many with multiple SV40 origins of replication reminiscent of the host substituted variants (8) . In the three SV40-4~X174 recombinant DNA structures described herein (each originating from a separate recombinant-producing cell), the position of the 4X174 DNA insert with respect to the SV40 genome varied from structure to structure. A fourth structure, recently defined, contained 4XX174 DNA sequences in yet another location (data not shown). Although the number of recombinant genomes studied is too small to permit conclusions on the presence or absence of recombination "hot spots" is SV40 DNA, it is clear that each recombinant-producing cell can generate a different recombinant structure. It is therefore not surprising that the total yield of hybrid viral genomes from a mass-cotransfected culture displayed a highly complex pattern of recombinant structures (14) ; a single culture of 4 x 106 BSC-1 cells would be expected to contain 4,000 to 8,000 recombinant-producing cells (1 in 500 to 1 in 1,000) and many, perhaps most, of these gener- VOL. 48, 1983 on July 6, 2017 by guest http://jvi.asm.org/ Downloaded from ate different recombinant structures. We have not, so far, detected SV40 multi-origin SV40-4X174 recombinants in the progenies of single recombinant-producing cells. Most probably, the multi-origin recombinants are generated in the very rare recombinant-producing cells supporting two independent recombination events (4). Although the proportion of SV40 multiorigin recombinant genomes would be extremely low initially, the growth advantage ensuing from the presence of more than one replication origin (6) would be expected to increase their proportion in the total yield of a cotransfected cell population.
